The order Desulfuromonales, belonging to the class Deltaproteobacteria, consists of three families of anaerobic micro-organisms: Desulfuromonaceae, Geobacteraceae, and Pelobacteraceae. Most members of the families Desulfuromonaceae and Geobacteraceae are able to reduce ferric iron and sulfur, whereas those of the Pelobacteraceae are well known for their fermentative capacity (Kuever et al., 2005) . At the time of writing, the family Desulfuromonaceae includes four genera: Desulfuromonas (type genus, seven species), Desulfuromusa (four species), Malonomonas (one species) and Pelobacter (seven species) (Parte, 2014) . The type species of the genus Desulfuromonas, Desulfuromonas acetoxidans DSM 684 T , was first described by Pfennig & Biebl (1976) followed by the isolation and characterization of six other species: Desulfuromonas acetexigens 2873 T (Finster et al., 1994) , Desulfuromonas palmitatis SDBY1 T (Coates et al., 1995) , Desulfuromonas thiophila NZ27 T (Finster et al., 1997) , Desulfuromonas chloroethenica TT4B T (Krumholz, 1997) , Desulfuromonas michiganensis BB1 T (Sung et al., 2003) and Desulfuromonas svalbardensis 112 T (Vandieken et al., 2006) . Strains DSM 684 T , 2873
T and NZ27
T were originally isolated as sulfur reducers, whereas strains SDBY1
T and 112 T were isolated as iron reducers. Strains BB1
T and TT4B T were obtained as tetrachloroethene (PCE) and trichloroethylene (TCE) reducers, respectively. All species of the genus Desulfuromonas with validly published names are Gram-stain-negative, non-spore-forming, strictly anaerobic, rod-shaped bacteria capable of coupling complete acetate oxidation to elemental sulfur and iron reduction under anoxic conditions. All taxa of the genus Desulfuromonas are mesophiles, except for Desulfuromonas svalbardensis 112 T , which is a psychrophile.
Biological coalbed methane is an important, clean fossil fuel produced by methanogens. Methanogens are archaea which can use very simple substrates such as hydrogen, acetate, and C 1 compounds to make methane (Ferry, 2010; Hedderich & Whitman, 2006) . However, coal organic matter is composed of complex aliphatic, aromatic and heterocyclic molecules that are unusable by methanogens. Methanogens, therefore, rely on fermentative bacteria, acetogenic bacteria and anaerobic micro-organisms to activate and break down complex organic compounds to simple methanogen substrates. Isolation and characterization of coalbed micro-organisms may help to elucidate anaerobic carbon metabolism in coal beds, determine the microbial constraints on methanogenesis, and lead to methods for stimulating microbial coalbed methane production. Strain ICBM T is the second novel microbe, following a recently described genus of sulfate-reducing bacteria, Desulfocarbo indianensis SCBM T (An & Picardal, 2014) , isolated during our attempts to characterize coalbed micro-organisms and to study anaerobic carbon metabolism. In this paper we present a detailed phenotypic and genotypic characterization of strain ICBM T , which is the first species of the genus Desulfuromonas to be retrieved from a coalbed environment. Because strain ICBM T is the first coalbed Fe(III)-, S 0 -, and Mn(IV)-reducing bacterium available in pure culture, it may serve as a model microorganism for studying the complex microbiological processes involved in methane production in coal beds.
Co-produced water from an active coalbed methane gas well in Sullivan County, IN, USA (39.024 u N 87.447 u W) was collected using strictly anaerobic techniques and transported back to the laboratory at an ambient temperature, as described previously (Furmann et al., 2013) . Anaerobic enrichment cultures grown on benzoate (2.5 mM), sulfate (14 mM) and hydrous ferric oxide (HFO; 50 mM) were set up as described by An & Picardal (2014) . Clone library analyses based on 16S rRNA gene sequences of the enrichments showed the presence of a stable consortium of sulfate-and iron-reducing bacteria (data not shown). The former was isolated and characterized as the type strain of the type species of Desulfocarbo, a newly described genus of sulfate-reducing bacteria (An & Picardal, 2014) . We attempted to enrich iron reducers by transferring the enrichment culture to medium supplemented with benzoate (2.5 mM) and HFO (50 mM), but without sulfate. We were unable to grow iron reducers using benzoate as a sole electron donor even though benzoate was the only apparent electron donor and carbon source present in the enrichment. Therefore, acetate (10 mM) was used instead of benzoate to enrich iron reducers. Ferric citrate (50 mM) was used instead of particulate HFO in the isolation process. Pure culture isolation was carried out by multiple liquid serial dilutions to extinction followed by an anaerobic agar dilution series in medium supplemented with acetate (10 mM), ferric citrate (50 mM) and 1.8 % agar (w/v, BD Difco Bacto Agar). Single colonies from the agar dilutions were purified further by another anaerobic agar dilution series in the presence of 10 mM acetate and 50 mM fumarate. A pure culture, assigned strain ICBM T , was obtained and we later found out that acetate was not consumed by this strain as an electron donor coupled to fumarate reduction. Instead, strain ICBM T grew on fumarate fermentation. The purity of the resulting culture was verified by microscopic examination and identical 16S rRNA gene sequences from independent acetate-ferric citrate, acetate-colloidal sulfur and fumarate fermentation cultures.
Cells of strain ICBM T grown by fumarate fermentation were examined and imaged by phase-contrast microscopy (10006 magnification) using a Nikon 80i microscope equipped with a Nikon Plan Apo 100X phase-contrast objective. Cells were non-motile, rod-shaped, 1-3.5 mm long and 0.3-0.5 mm wide (Fig. S1 , available in the online Supplementary Material). For characterization of growth parameters, cells were grown in anaerobic Balch tubes or 70 ml-serum bottles under positive pressure (9 p.s.i.) of N 2 / CO 2 (4 : 1, v/v). All experiments were performed in duplicate or triplicate. Cultures were incubated statically in the dark at 30 u C, unless otherwise indicated. NaCl tolerance and temperature-range experiments were conducted in medium containing acetate (10 mM) and ferric citrate (50 mM) as the electron donor and acceptor, respectively. Fe(II) production was measured by the ferrozine method (Stookey, 1970) . NaCl tolerance was assessed by varying NaCl concentrations from 0 to 1000 mM at 100 mM intervals and from 1 M to 2 M at 200 mM intervals. The NaCl concentration range that allowed growth was 0 to 1.2 M, corresponding to 0 to 6.78 % (w/v). Optimal growth was observed in 0 to 0.7 M NaCl. Growth was completely inhibited by NaCl concentrations equal to or higher than 1.4 M. The growth temperature range for growth was determined by incubating strain ICBM T cultures at 4 u C, 10 u C, 16 u C, 20 u C, 25 u C, 30 u C, 37 u C and 45 u C. Strain ICBM T was able to grow in the temperature range of 10 to 37 u C with optimal growth at 25 to 37 u C. No growth was observed at either 4 u C or 45 u C. To determine the pH range for growth, bicarbonate-free medium was amended with different buffers (20 mM) to cover the pH range from 5.5 to 8.5. The buffers used were MES (pH 5.5, 6.0, and 6.5), PIPES (pH 6.5, 7.0, and 7.5) and HEPES (pH 7.5, 8.0 and 8.5). Ferric citrate was not used as a substrate in the pHrange experiment because citrate would have also operated as a buffer. Instead, media were supplemented with acetate (10 mM) and fumarate (40 mM). Growth was determined by changes in optical density at 600 nm (OD 600 ) and fumarate concentration was measured using an HPLC Waters 2690 separations module equipped with a Waters 2487 dual l absorbance detector (l5210 nm) and a Waters Fast Fruit Juice column at 55 uC with 0.05 % phosphoric acid as the mobile phase. Strain ICBM T grew between pH 6.5 to 8.0 with optimal growth at pH 7.
Potential electron donors and carbon sources were tested in the presence of ferric citrate (50 mM) as the terminal electron acceptor. ICBM T cultures grown using acetate (10 mM) and excess ferric citrate (100 mM) were used as the inoculum as acetate was depleted from such cultures and would not be carried over into test tubes. All tubes with H 2 as a substrate were incubated horizontally to improve mass transfer and the headspace gas was replaced every other day. Substrate utilization was assessed visually Desulfuromonas carbonis sp. nov.
from the change in colour of ferric citrate. Proteins and Fe(II) were also measured by the Bradford method (Bradford, 1976) and ferrozine assays, respectively. Total Fe was measured after reducing all Fe(III) to Fe(II) using 10 % hydroxylamine hydrochloride (w/v). The Fe(III) concentration was determined by calculating the difference between total Fe and Fe(II). Electron donors and carbon sources (10 mM unless indicated otherwise) used by strain ICBM T included acetate, propionate, pyruvate, malate, fumarate, succinate and DL-lactate. Strain ICBM T grew very well during acetate oxidation coupled to ferric citrate reduction (Fig. S2) ), benzoate (2.5 mM), vanillate (2.5 mM), salicylate (2.5 mM) and phenol (0.5 mM). Even though strain ICBM T reduced ferric citrate coupled to oxidation of hydrogen (H 2 /CO 2 , 4 : 1, v/v; 9 p.s.i. overpressure), growth was not observed (Fig. 1) . Autotrophic growth on H 2 was tested by using HFO (50 mM) as the electron acceptor instead of ferric citrate, which contained citrate as a potential organic carbon source. Strain ICBM T also coupled HFO reduction to H 2 oxidation, but no growth was measured (Fig. S3) . These results indicate that strain ICBM T could utilize H 2 as an electron donor. However, it could not use citrate or CO 2 as a carbon source for growth.
In fermentation experiments, no external electron acceptor was provided and growth was determined by an increase in optical density of cultures. Substrate and product concentrations were also measured. Since chloride interfered with analyses, a low chloride medium prepared by excluding NaCl and replacing MgCl 2 by an equivalent amount of MgSO 4 was used in fumarate fermentation experiments. Concentrations of fumarate and its fermentation products were measured using a Dionex ICS-2000 ion chromatograph equipped with an AS11-HC analytical column and a CD25 conductivity detector. Strain ICBM T could ferment fumarate (40 mM) (Fig. 2) but not malate (40 mM), succinate (20 mM), or pyruvate (20 mM). Acetate and succinate were products of fumarate fermentation (Fig. 2) .
Alternative terminal electron acceptors were evaluated in the presence of acetate as an electron donor and carbon source. Cells grown on acetate and ferric citrate were used as the inoculum except in the cases of nitrate and oxygen, for which cells grown via fumarate fermentation were used to avoid potential abiotic reactions between Fe(II) and nitrite or oxygen. Usage of electron acceptors was determined by changes in culture turbidity, colour (HFO, MnO 2 ), and substrate and/or product concentrations. Sulfide produced from sulfur reduction was determined by the methylene blue method (Cline, 1969) . The Waters 2487 HPLC detector was very sensitive to fumarate due to the presence of a double bond. Therefore, fumarate and acetate peaks overlapped when using the HPLC for analyses. We determined whether fumarate reduction was coupled to acetate or pyruvate oxidation in the low chloride medium using ion chromatography as described above. In addition to HFO and ferric citrate, strain ICBM T could also utilize elemental sulfur (100 mM), freshly prepared by the procedure of Janek (Blumentals et al., 1990; Janek, 1933) , and manganese dioxide (20 mM), freshly prepared by the oxidation of the manganous ion by permanganate (Lovley & Phillips, 1988; Murray, 1974) , as terminal electron acceptors coupled to acetate oxidation. Sulfide accumulated in cultures amended with colloidal sulfur. MnO 2 was reduced to soluble Mn 2+ . Acetate was not used as an electron donor in the presence of fumarate as an electron acceptor (Fig. S4) . The presence of acetate actually slowed down fumarate fermentation, possibly because acetate was a product of fumarate fermentation (Fig. 2) . Similarly, fumarate was not used as an electron acceptor coupled to pyruvate as an electron donor (Fig. S5) . Even though pyruvate was not a fumarate fermentation T. T. An and F. W. Picardal product, pyruvate also slowed down fumarate fermentation (Fig. S6 ). This might result if pyruvate was an undetected intermediate of fumarate fermentation. Malate (40 mM), sulfate (14 mM), thiosulfate (14 mM), sulfite (2.8 mM), dimethyl sulfoxide (DMSO; 15 mM), anthraquinone-2,6-disulfonate (AQDS; 4 mM), nitrate (5 mM) and oxygen (237.5 mM) were also not used as electron acceptors when acetate was provided as the electron donor. Strain ICBM T is a strict anaerobe and fumarate fermentation was inhibited completely in the presence of a trace quantity of oxygen (17 mM).
Biomass of strain ICBM
T from 7 day-old cultures grown on fumarate (50 mM) at 30 u C was harvested by centrifugation. Reddish cell pellets were freeze-dried and sent at ambient temperature to the Identification Service of the DSMZ, Braunschweig, Germany, for cellular fatty acid and G+C content analyses following the procedure described previously (An & Picardal, 2014) . Fatty acids were analysed on an Agilient 6890N gas chromatograph equipped with version 6.1 of the MIDI Sherlock MIS software. The identification of cellular fatty acids was based on the peak naming Table 2 ).
The presence of cytochromes was determined with wholecell suspensions of fumarate-grown cells. The difference spectra of dithionite-reduced and air-oxidized cell suspensions were measured by using a double-beam Shimadzu UV-2101PC spectrophotometer equipped with an ISR-260 integrating sphere (online Supplementary Material). Colonies and cell pellets of strain ICBM T had a reddish colour which generally indicates the presence of copious cytochromes. As indicated by dithionite-reduced minus air-oxidized difference spectra (Fig. S7) , strain ICBM T contained c-type cytochromes, which are commonly present in species of the genus Desulfuromonas. Desulfuromonas svalbardensis 112 T were taken from Sung et al. (2003) , Pfennig & Biebl (1976) , Finster et al. (1994) , Coates et al. (1995) , Finster et al. (1997) , Krumholz (1997) and Vandieken et al.
(2006), respectively. +, Good growth; (+), H 2 was oxidized but no growth; 2, no growth; [motile], only a small population was motile; ND, not determined. Growth pH range (optimum)
6.5-8.0 (7.0) 6.8-8.0 (7.0-7.5) 6.5-8.5 (7.2-7.5) 6.4-8.5 (7.6-7.8) ND 6.5-8.2 (6.9-7.9) 6.5-7.4 (7.4) 6.5 -7.5 (7.3) Genomic DNA was extracted, amplified and sequenced as described previously (An & Picardal, 2014) . The 16S rRNA gene sequence was amplified by PCR using universal bacterial primers 8 fm and E1541R. To ensure that overlapping reads were obtained, 16S rRNA genes were sequenced using F563, 1387R and 926R primers in addition to 8 fm and 1541R primers. The primer sequences are listed in Table S1 . After trimming low quality bases from both ends, reads were assembled into a single, nearly full-length 16S rRNA gene sequence (1547 bp) by using CodonCode Aligner version 5.0.1 (CodonCode Corporation). The NCBI BLAST algorithm (Altschul et al., 1990 ) was used to identify 16S rRNA gene sequences similar to that of strain ICBM T . The 16S rRNA gene sequences of all the members of family Desulfuromonaceae retrieved from GenBank were aligned using MUSCLE (Edgar, 2004 ) and a phylogenetic tree was reconstructed by the neighbour-joining method (Saitou & Nei, 1987) in MEGA version 6.06 (Tamura et al., 2013) . Tree topology was evaluated by bootstrapping (Felsenstein, 1985) with 1000 replicates. Pairwise evolutionary distances were computed using the p-distance method (Nei & Kumar, 2000) . Desulfocarbo indianensis SCBM T , a sulfate-reducing bacterium, was used as an outgroup to root the tree.
16S rRNA gene sequence analysis demonstrated that strain ICBM T belongs to the genus Desulfuromonas within the class Deltaproteobacteria. Taxa of the genus Desulfuromonas are phylogenetically intertwined with species of the genera Pelobacter, Desulfuromusa and Malonomonas in the family Desulfuromonaceae (Fig. 3) 
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Desulfuromonas carbonis ICBM T (KJ776405) Fig. 3 . Phylogenetic tree inferred from 16S rRNA gene sequences of strain ICBM T and other members of the family Desulfuromonaceae. The dendrogram was reconstructed by the neighbour-joining method and rooted by using Desulfocarbo indianensis SCBM T as an outgroup. Bootstrap (confidence) values for 1000 replicates are shown as percentages at branch points. GenBank accession numbers are given in parentheses. The evolutionary distances were computed using the p-distance method. Bar, 1 change per 100 nt.
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reduction. Strain ICBM
T is unique compared to other taxa of the genus Desulfuromonas (except for strain SDBY1 T ) in its ability to oxidize H 2 . Strain ICBM T and its closest cultivated relative, Desulfuromonas michiganensis BB1 T , share only 95 % 16S rRNA gene sequence similarity. This value is much lower than the threshold level (¡98 %) that is usually used to define a new species (Liu, 2010) . In addition, 70 % of DNA-DNA hybridization is the cut-off for separating related organisms into different species and 16S rRNA gene sequence similarities of less than 97.5 % do not exhibit DNA-DNA homologies of 70 % or more (Stackebrandt & Goebel, 1994) . Thus, strain ICBM T is clearly a novel species of the genus Desulfuromonas and there is no need to perform DNA-DNA hybridizations. Based on the genotypic and phenotypic characteristics described, strain ICBM T represents a novel species of the genus Desulfuromonas for which the name Desulfuromonas carbonis sp. nov. is proposed.
Description of Desulfuromonas carbonis sp. nov.
Desulfuromonas carbonis (car.bo'nis. L. gen. masc. n. carbonis of coal.).
Cells are Gram-stain-negative, non-spore-forming, rodshaped, non-motile and strictly anaerobic. Cell pellets and colonies are reddish and cell suspensions exhibit the absorption spectra of c-type cytochromes. Optimal growth occurs at 25 to 37 u C, pH 7 and at an NaCl concentration range of 0 to 0.7 M. Substrates utilized concomitant with iron reduction include acetate, propionate, pyruvate, malate, fumarate, succinate, DL-lactate and H 2 . Cannot grow autotrophically on H 2 . Ferric compounds, sulfur and manganese dioxide serve as electron acceptors coupled to acetate oxidation. The major fatty acids are C 16 : 0 and Sum In Feature 3 (C 16 : 1 v7c and/or iso-C 15 : 0 2-OH).
The type strain, ICBM T (5DSM 29759 T 5JCM 30471 T ) was isolated from co-produced water extracted from an active coalbed methane gas well in Indiana, USA. The genomic DNA G+C content of the type strain is 61.2 mol%.
